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1. INTRODUCTION {#jcmm15084-sec-0001}
===============

Artificial joint replacement is an effective method for the treatment of several joint diseases and senile femoral neck fractures. With increase in the ageing of population, the number of artificial joint replacements has also increased. Aseptic loosening of the implant caused by osteolysis induced by wear particles is a major complication of joint replacements.[1](#jcmm15084-bib-0001){ref-type="ref"} Wear debris produced by artificial joint can activate inflammatory cells, which release pro‐inflammatory cytokines that further stimulate osteoclast differentiation leading to bone resorption.[2](#jcmm15084-bib-0002){ref-type="ref"}, [3](#jcmm15084-bib-0003){ref-type="ref"}, [4](#jcmm15084-bib-0004){ref-type="ref"} On the other hand, wear debris directly suppresses osteoblasts functions and stimulates mediators that participate in the interaction between osteoblasts and osteoclasts, which leaded to a reduction in bone formation.[5](#jcmm15084-bib-0005){ref-type="ref"}, [6](#jcmm15084-bib-0006){ref-type="ref"}, [7](#jcmm15084-bib-0007){ref-type="ref"} In short, osteolysis surrounding prosthetic is a form of bone destruction and results in bone remodelling which increases bone resorption and might inhibit bone formation. However, the precise mechanism of periprosthetic osteolysis still remains unclear. Currently, there is no effective method to prevent and treat periprosthetic osteolysis.

Some studies have shown that osteocytes are the central regulators of cellular communication and bone remodelling which exchange information with osteoblasts and osteoclasts through tubules and dendrites.[8](#jcmm15084-bib-0008){ref-type="ref"}, [9](#jcmm15084-bib-0009){ref-type="ref"}, [10](#jcmm15084-bib-0010){ref-type="ref"}, [11](#jcmm15084-bib-0011){ref-type="ref"} Apoptosis of osteocytes increases osteoclast number and activity. Osteocytes express RANKL to induce osteoclast differentiation from precursor cells. Osteocyte activities may promote the mineralization of osteoblasts. Osteocyte regulation of osteoblasts and osteoclasts during bone remodelling can provide new perspectives in understanding the mechanisms involved in periprosthetic osteolysis.[12](#jcmm15084-bib-0012){ref-type="ref"}, [13](#jcmm15084-bib-0013){ref-type="ref"} Recently, Ormsby reported that osteocytes exposed to wear debris up‐regulated the expression of inflammatory cytokines, such as MMP‐13, IL‐6 and TNF‐α.[14](#jcmm15084-bib-0014){ref-type="ref"} However, research on whether osteocytes participate in periprosthetic osteolysis and how osteocytes control osteoblasts and osteoclasts in this process is still lacking. The SOST gene, which is expressed exclusively in osteocytes, has gained attention because of its role in regulating bone formation and resorption.[15](#jcmm15084-bib-0015){ref-type="ref"} Sclerostin, a protein synthesized by the SOST gene, inhibits the Wnt signalling pathway as it binds to a co‐receptor in the Wnt signalling pathway.[16](#jcmm15084-bib-0016){ref-type="ref"} Some studies have shown that SOST/sclerostin has a bidirectional regulation.[7](#jcmm15084-bib-0007){ref-type="ref"}, [17](#jcmm15084-bib-0017){ref-type="ref"} Sclerostin inhibits osteoblast differentiation and induces osteoblast apoptosis, meanwhile, stimulates osteocytes to secrete RANKL and activates osteoclasts. Some studies have shown that SOST gene and sclerostin are associated with sclerosis, fracture healing and osteoporosis.[18](#jcmm15084-bib-0018){ref-type="ref"}, [19](#jcmm15084-bib-0019){ref-type="ref"}, [20](#jcmm15084-bib-0020){ref-type="ref"}, [21](#jcmm15084-bib-0021){ref-type="ref"} Bone volume of osteoporosis is increased, and implant fixation is improved after SOST/sclerostin blockage.[22](#jcmm15084-bib-0022){ref-type="ref"} However, it is still unclear whether SOST/sclerostin is involved in periprosthetic osteolysis and whether reduction of SOST gene is effective in delaying osteolysis caused by wear particles.

This study aimed to verify whether SOST silencing can promote bone regeneration to compensate osteolysis induced by titanium particles in mouse skulls. Effects of SOST on osteocytes and osteoblasts during osteolysis were evaluated with in vivo and in vitro experiments. This study provided information on SOST/sclerostin as a target in compensating osteolysis induced by wear debris and delaying joint loosening surrounding the prosthesis.

2. MATERIALS AND METHODS {#jcmm15084-sec-0002}
========================

2.1. Preparation of titanium particles {#jcmm15084-sec-0003}
--------------------------------------

Pure titanium (Ti) particles were obtained from Johnson Matthey. According to the manufacturer, the Ti particles had an average diameter of 5.34 μm and 90% of particles were \<10.0 μm in size. When used in cell cultures and animal experiments, such particles have been shown to effectively mimic wear particles retrieved from periprosthetic tissue.

The particles were prepared as described by Chen et al[23](#jcmm15084-bib-0023){ref-type="ref"} The absence of endotoxins was confirmed using a commercial detection kit (Biowhittaker). The concentration of endotoxin‐free Ti particles was 100 mg/mL, and particles were stored at 4°C in PBS. The suspension of titanium particles was diluted to appropriate concentrations and used in cell and animal experiments.

2.2. Surgery procedure and application of retroviral vectors {#jcmm15084-sec-0004}
------------------------------------------------------------

All animal experiments were approved by the Ethics Committee of the Second Affiliated Hospital of Soochow University. Forty 8‐week‐old C57BL/6 female mice weighing between 20 and 25 g were used in the animal experiments. The mice were randomly divided into four groups: (a) control, (b) titanium (Ti), (c) Ti + SOST‐RNAi low concentration (Ti + L‐siRNA) and (d) Ti + SOST‐RNAi high concentration (Ti + H‐siRNA). All mice were injected with 50 μL of adeno‐associated viral vectors under the skin in the mid‐portion of the skull. However, the viral vectors injected in the mice of the L‐siRNA group carried 10^9^ copies of the SOST gene siRNA and the viral vectors injected in the mice of the H‐siRNA group carried 10^10^ copies of the SOST gene siRNA. After one week, the mice were anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital and a 10 mm sagittal incision was performed in the middle of the skull. The mice of the Ti, Ti + L‐siRNA and Ti + H‐siRNA group were injected with a 50 μL suspension of Ti particles and PBS (100 mg/mL) under the periosteum on the sagittal suture of the skull. The control group was injected with an equal volume of PBS. After two weeks, cranial specimens of mice were obtained for radiation, histology and immunohistochemistry testing.

2.3. Micro‐CT analysis {#jcmm15084-sec-0005}
----------------------

Cranial specimen (n = 5 per group) were fixed in 4% paraformaldehyde and were analysed with a Micro‐CT (Scanoco) set with 10 μm per layer. The X‐ray parameters were set at 70 kV and 114 μA. Micro‐CTs were taken of a circular region of interest (ROI of 3 mm in diameter) located at the middle of each calvaria, and the following data were collected: bone mineral density (BMD), number of pores, bone volume (BV) and bone volume/tissue volume (BV/TV).

2.4. Histological and immunohistochemical analysis {#jcmm15084-sec-0006}
--------------------------------------------------

After soaked with formalin for 2 days, the cranial specimens (n = 5 per group) were decalcified in 10% ethylene diamine tetraacetic acid (EDTA, Sigma‐Aldrich) for one month. Then, the specimens were trimmed and the parietal and frontal bone of mice covered with Ti particles were mainly selected. Following anhydration and paraffin embedding, calvaria samples were sectioned at 5 μm for haematoxylin and eosin (H&E) staining. Images of the H&E staining results were obtained with a microscope at a magnification of 20× with the midline suture in its centre. Bone tissue surface area (BS mm^2^) and eroded bone surface area (ES mm^2^) were calculated with Image Pro‐Plus 6.0.

Immunohistochemistry staining was performed to determine the expression of the following proteins: sclerostin (Abcam, optimal dilutions: 1/30), ALP (Abcam, optimal dilutions: 1/350), β‐catenin (Abcam, optimal dilutions: 1/500) and osterix (Abcam, optimal dilutions: 1/300). Osteocytes were marked by sclerostin and β‐catenin and osteoblasts were marked by ALP and osterix. Firstly, we processed the calvaria samples with dewaxing, gradient hydration and antigen retrieval. Sections were then incubated with primary antibodies in the dark at 4°C for 12 hours. After which, sections were rinsed and incubated with a buffer containing secondary antibodies at room temperature for 35 minutes. Each section was photographed around midsagittal suture of calvaria under a microscope with 20× and 40× magnification. Cells stained brown colour were considered the immunoreactive positive cells. Two independent observers counted the positive stained cells in three sections of each group (n = 5) under a microscope with 20× magnification.

2.5. Cell cultures {#jcmm15084-sec-0007}
------------------

MLO‐Y4 osteocytes and MC3T3‐E1 osteoblasts were obtained from the Chinese Academy of Sciences Cell Bank. MLO‐Y4 cells were cultured on collagen‐coated dishes (rat tail collagen type I, Sigma‐Aldrich) and maintained in modified essential medium (αMEM) supplemented with 10% foetal bovine serum (FBS, Gibco) and 1% penicillin and streptomycin in a 5% CO~2~ atmosphere at 37°C. Twenty‐four hours after seeding, the MLO‐Y4 cells were incubated with 1 mg/mL Ti particles, except for cells from the control group, which did not receive Ti particles. For all cells, fresh medium was supplied every three days. The day on which Ti particles were added to cells was designated as day 0.

The in vitro model for the co‐culture of osteocytes and osteoblasts was established using a Millicell 6‐Cell Culture Insert Plate (Millipore) comprised of a polyethylene terephthalate (PET) membrane perforated with 1 µm pores, as described by Fujita et al.[24](#jcmm15084-bib-0024){ref-type="ref"} This cell co‐culture allows osteocytes to be in contact with osteoblasts; thus, information can be transmitted through dendrites, and allows osteocytes and osteoblasts to be isolated for detection. Basal medium for co‐culture experiments consisted of α‐MEM supplemented with 10% FBS, 1% penicillin and 1% streptomycin. The osteogenic differentiation medium consisted of 10% FBS, 50 μg/mL ascorbic acid and 10 mmol/L β‐glycerophosphate (Sigma‐Aldrich).

In the cell co‐culture model, insert plates were inverted and the basal side of the membrane (bottom side of the insert) was seeded with 5 × 10^4^ MC3T3‐E1 osteoblasts in 500 μL of basal medium and incubated for 6 hours at 37°C to allow cellular adhesion. Inserts were then put into Millicell 6‐well tissue culture plates containing 1 mL of basal medium. Then, 5 × 10^4^ MLO‐Y4 osteocytes were seeded on the apical side of the membrane (top side of the insert) with 1 mL of basal medium and incubated overnight Figure [1](#jcmm15084-fig-0001){ref-type="fig"}. MLO‐Y4 cells on the upper side were treated with 1 mg/mL Ti particles diluted with basal medium, except for cells from the control group, which were not treated with Ti particles. The day on which Ti particles were added to cells was designated as day 0. The medium was replaced with osteogenic medium after three days, after which it was changed every three days.

![Cell co‐culture model: MC3T3‐E1 osteoblasts were seeded on the basal surface of the membrane, and MLO‐Y4 osteocytes were seeded on the apical surface of the membrane. Both cell types had direct contact with each other](JCMM-24-4233-g001){#jcmm15084-fig-0001}

2.6. SOST silencing and transfection {#jcmm15084-sec-0008}
------------------------------------

MLO‐Y4 osteocytes were silenced using short hairpin shRNA lentiviral particles (Sigma‐Aldrich), following the manufacturer\'s instructions. After searching the SOST gene sequence in GenBank, three interference sequences of SOST‐shRNA were designed, using the RNA interference from Invitrogen, and artificially synthesized by Sangon Biotech (China). Cells were injected with lentiviral particles carrying either scrambled or SOST‐ specific shRNA. The efficiency of shRNA was evaluated by measuring SOST mRNA and protein expression using real‐time PCR and Western blotting separately. Finally, the most effective sequence of SOST‐shRNA was selected and the shRNA sequence is 5′‐ GACAGCATATCTTACATTAAA ‐3′. MLO‐Y4 cells silenced for SOST were then used as SOST‐shRNA group in the following vitro experiments.

2.7. Western blot analysis for protein expression of sclerostin and active β‐catenin {#jcmm15084-sec-0009}
------------------------------------------------------------------------------------

MLO‐Y4 osteocytes were seeded into 6‐well plates and divided into three groups: control, Ti and Ti + SOST‐shRNA group. Cells in the SOST‐shRNA group underwent SOST silencing and transfection, while osteocytes of the control group underwent conventional culture for 48 hours. Cells of the Ti and Ti + SOST‐shRNA group were treated with 1 mg/mL Ti particles for 48 hours.

To detect the active protein of β‐catenin, the nuclear extraction of MLO‐Y4 cells was prepared using an NE‐PER Nuclear Cytoplasmic Extraction Reagent kit (Pierce) according to the manufacturer\'s instruction. Briefly, the treated cells were centrifuged and the cell pellet was suspended in cytoplasmic extraction reagent I and II, respectively, and then centrifuged. The insoluble pellet fraction, which contains crude nuclei, was resuspended in nuclear extraction reagent and incubated on ice, then centrifuged four times. The resulting supernatant, constituting the nuclear extract, was used for Western blot.

The collected cells for sclerostin detection were washed twice with PBS, treated with a lysis buffer and put on ice for 20 minutes, after which they were centrifuged at 15 000 *g* for 15 minutes. The supernatant was collected, and the protein concentration was determined using a BCA protein assay kit (Beyotime, China). Fifty micrograms of each sample were separated by 10%‐15% SDS‐PAGE and electro‐blotted onto PVDF membranes (The membranes were soaked in methanol for 3 minutes before western transfer). After blocking with 5% BSA (Sangon Biotech) for one hour at room temperature, membranes were incubated with a 1:1000 dilution of primary antibodies against sclerostin (Abcam) and β‐catenin (Cell Signaling Technology) overnight at 4°C. After washing three times with Tris‐buffered saline with Tween (TBST), membranes were incubated with horseradish peroxide (HRP) rabbit antimouse IgG for 60 minutes at room temperature. Samples were then washed with TBST three times, illuminated with electrochemiluminescence (ECL) and analysed using a GIS image analysis. As a loading control, anti‐β‐actin and anti‐Lamin A (Cell Signaling Technology) antibodies were used.

2.8. Immunofluorescence staining for the localization of active β‐catenin {#jcmm15084-sec-0010}
-------------------------------------------------------------------------

To detect active β‐catenin in osteocytes, osteocytes were seeded into chamber slides. Cells were washed with PBS, fixed with cold PBS with 4% paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton X‐100 for 5 minutes and then incubated in 5% BSA in 0.1% PBS‐Tween for one hour to block non‐specific protein‐protein interactions. The cells were then incubated with a rabbit antimouse β‐catenin primary antibody (Cell Signaling Technology) overnight at 4°C. Following three washes in PBS, cells were incubated with donkey anti‐rabbit IgG H&L Alexa Fluor^®^ 647 secondary antibody (Abcam) for an hour. Then, cells were washed in PBS and nuclei were stained with DAPI for 5 minutes. The slides were photographed using a ZEISS confocal microscope (ZEISS).

2.9. Alkaline phosphatase (ALP) activity and staining {#jcmm15084-sec-0011}
-----------------------------------------------------

The in vitro osteocyte‐osteoblast co‐culture model was also divided into three groups: control, Ti and Ti + SOST‐shRNA group. Cells of the control group underwent conventional culture, while osteocytes of the Ti and Ti + SOST‐shRNA group were treated with 1 mg/mL of Ti particles. ALP activity in the co‐culture supernatant was measured on day 7 after Ti particles were added. For such, medium was collected and centrifuged twice at 4000 *g* for 10 minutes in order to remove cell debris and Ti particles. ALP activity was evaluated using an Alkaline Phosphatase Assay Kit (Sigma‐Aldrich): assay mixtures contained 2‐amino‐2‐methyl‐1‐propanol, MgCl2, p‐nitrophenyl phosphate disodium and cell homogenates. After incubation, the reaction was stopped with NaOH and absorbance was read at 405 nm.

The cell co‐culture was maintained as described above. Similarly, ALP staining was performed on day 7 after Ti particles were added. Cells were washed three times with PBS prior to staining with an Alkaline Phosphatase Stain Kit: cells were fixed in methanol and overlaid with 5‐bromo‐4‐chloro‐3‐indolyl phosphate plus nitroblue tetrazolium chloride in Tris‐HCl, NaOH and MgCl2, followed by incubation at room temperature for two hours in the dark.

2.10. Mineralized nodule staining and detection of Ca^2+^ levels {#jcmm15084-sec-0012}
----------------------------------------------------------------

The cell co‐culture was maintained as described above. Formation of calcified nodules was monitored with alizarin red S (Sigma‐Aldrich) staining on day 21 after Ti particles were added. For such, osteoblasts were washed with PBS, fixed with 70% ethanol and stained with 1% (w/v) alizarin red solution (pH 4.3) at room temperature. To quantify the amount of Ca^2+^ levels in alizarin red staining, the deposition was dissolved in 10% (w/v) cetylpyridinium chloride prepared in double‐distilled H~2~O (ddH~2~O) and quantified by measuring the OD value at 562 nm.

2.11. Statistical analysis {#jcmm15084-sec-0013}
--------------------------

For each assay, three independent experiments (replicates) were performed. Data are expressed as the mean ± SD. One‐way analysis of variance (ANOVA) and post hoc multiple comparisons were used to determine differences among groups. Differences were considered significant when *P* \< .05. All statistical analyses were performed with SPSS version 17.0.

3. RESULTS {#jcmm15084-sec-0014}
==========

3.1. Ti particles increased sclerostin expression in mice osteolysis model {#jcmm15084-sec-0015}
--------------------------------------------------------------------------

Immunohistochemical staining was performed to determine changes in sclerostin expression. Sclerostin from the Ti group showed the highest expression. Conversely, sclerostin expression from the Ti + L‐siRNA and Ti + H‐siRNA group was significantly reduced, indicating that SOST siRNA carried by adeno‐associated viral vectors was effective to suppress sclerostin expression (Figure [2](#jcmm15084-fig-0002){ref-type="fig"}).

![Immunohistochemical staining of sclerostin in mouse skulls and positive cell quantitative analysis. The images above were magnified 20 times. The images below were magnified 40 times which were the local area (boxed) of the images above. Black arrows in the images below indicated the sclerostin‐positive osteocytes which stained brown colour in the plate of calvaria. The expression of sclerostin in the Titanium (Ti) group was significantly higher in comparison to the control group (*P* \< .01). After the interference of SOST, the expression of sclerostin in the Ti + L‐siRNA group and Ti + H‐siRNA groups was significantly lower than that in the Ti group (*P* \< .05). Scale bar indicates 50 and 25 μm separately. \**P* \< .05; \*\**P* \< .01](JCMM-24-4233-g002){#jcmm15084-fig-0002}

3.2. SOST reduction retarded bone loss induced by Ti particles in mice skull {#jcmm15084-sec-0016}
----------------------------------------------------------------------------

Skull surfaces of mice from the control group were smoother in comparison to skulls from the Ti group, which showed a higher degree of osteolysis. In contrast, the degree of osteolysis in the Ti + L‐siRNA and Ti + H‐siRNA group was significantly lower than that in the Ti group (Figure [3](#jcmm15084-fig-0003){ref-type="fig"}A). Quantitative analysis revealed that Ti particles lead to extensive lytic pores and decreased BMD, BV, and BV/TV in mice calvariae. Compared with the Ti group, the Ti + L‐siRNA and Ti + H‐siRNA group showed a reduction in the number of pores and an increase in BMD, BV and BV/TV (*P* \< .05) (Figure [3](#jcmm15084-fig-0003){ref-type="fig"}B).

![A, Micro‐CT images of calvaria in each experimental group showing that SOST reduction attenuated titanium‐induced osteolysis in a murine skull model. B, Number of pores, bone mineral density (BMD), bone volume (BV) and bone volume/tissue volume (BV/TV) observed in each experimental group. Data analysis revealed that Ti particles leaded to an increase in lytic pores and a decrease in BMD, BV and BV/TV in mice calvaria in comparison to the control (*P* \< .01). Compared with the Ti group, the Ti + L‐siRNA and Ti + H‐siRNA group showed a decrease in lytic pores and an increase in BMD, BV and BV/TV (*P* \< .05). C, Histological images of calvarial sections stained with H&E and the ratio of erosion surface to bone surface (ES/BS). HE staining showed that SOST gene reduction slowed the degree of osteolysis of mouse skulls. The ratio of ES/BS in the Ti group was far greater than the Control group (*P* \< .01). The ratio of ES/BS in the Ti + L‐siRNA and Ti + H‐siRNA group was significantly lower in the comparison with the Ti group (*P* \< .01). Scale bar indicates 50 μm. \**P* \< .05; \*\**P* \< .01](JCMM-24-4233-g003){#jcmm15084-fig-0003}

According to the H&E staining, the eroded surface observed in skulls from the Ti group was greater than in the Ti + L‐siRNA and Ti + H‐siRNA group (*P* \< .05). Similarly, the ratio between the eroded surface (ES) and the bone surface (BS) in the Ti group was greater in comparison to the control group (*P* \< .05). Correspondingly, the ratio of ES/BS in the Ti + L‐siRNA and Ti + H‐siRNA group was significantly lower in comparison to the Ti group (*P* \< .05) (Figure [3](#jcmm15084-fig-0003){ref-type="fig"}C). Histological staining of mouse skulls showed the degree of bone erosion irritated by Ti particles was reduced after SOST reduction.

3.3. SOST reduction increased expression of osteoblastic markers in mice osteolysis model {#jcmm15084-sec-0017}
-----------------------------------------------------------------------------------------

In order to probe into the effects of SOST expression on bone formation during osteolysis induced by wear particles, we examined changes in osteoblastic markers, ALP and osterix, using immunohistochemical staining. Our results showed that ALP expression in the Ti group showed a significant decrease compared to the control group (*P* \< .05), while the expression of osterix in Ti group did not differ significantly from the control group. However, the expression of ALP and osterix in the Ti + L‐siRNA and Ti + H‐siRNA group was significantly greater compared to the Ti group (*P* \< .05; Figure [4](#jcmm15084-fig-0004){ref-type="fig"}). Thus, SOST reduction might promote bone formation and compensate for bone loss induced by titanium particles.

![A, Alkaline phosphatase (ALP) immunohistochemical staining and quantification of ALP positive cell. The images above were magnified 20 times. The images below were magnified 40 times which were the local area (boxed) of the images above. Black arrows in the images below indicated ALP‐positive osteoblasts which stained brown colour around the suture of calvaria. Osteolysis induced by Ti leads to a significant decrease in ALP expression of cells compared to the control group (*P* \< .05). The Ti + L‐siRNA and Ti + H‐siRNA groups had a significant improvement in the expression of ALP compared to the Ti group (*P* \< .01). B, Osterix immunohistochemical staining and quantification of osterix‐positive cells. The images above were magnified 20 times. The images below were magnified 40 times which were the local area (boxed) of the images above. Black arrows in the images below indicated the Osterix‐positive osteoblasts which stained brown colour around the suture of calvaria. Osterix expression of cells from the Ti group was not significantly different in comparison to the control group. The Ti + L‐siRNA and Ti + H‐siRNA groups had a significant improvement in the expression of Osterix compared to the Ti group (*P* \< .01).Scale bar indicates 50 and 25 μm separately. \*\**P* \< .01; n.s: not significant](JCMM-24-4233-g004){#jcmm15084-fig-0004}

3.4. SOST reduction increased expression of β‐catenin in mice osteolysis model {#jcmm15084-sec-0018}
------------------------------------------------------------------------------

Since SOST gene was able to inhibit the Wnt/β‐catenin signalling pathway,[16](#jcmm15084-bib-0016){ref-type="ref"} we investigated the level of β‐catenin to further determine the mechanisms by which SOST reduction ameliorates titanium‐stimulated inhibition of bone formation. Osteolysis induced by titanium particles increased the expression of SOST, but decreased the expression of β‐catenin, while the expression of β‐catenin increased after SOST reduction. Despite exposure to Ti particles, expression of β‐catenin from the Ti + L‐siRNA and Ti + H‐siRNA group increased compared to that from the Ti group (Figure [5](#jcmm15084-fig-0005){ref-type="fig"}). Thus, SOST reduction might exert an osteogenic effect by activating the Wnt/β‐catenin signal cascade.

![Immunohistochemical staining of β‐catenin and quantification of β‐catenin‐positive cells. The images above were magnified 20 times. The images below were magnified 40 times which were the local area (boxed) of the images above. Black arrows in the images below indicated the β‐catenin‐positive osteocytes which stained brown colour in the plate of calvaria. Osteolysis induced by Ti particles decreased the expression of β‐catenin (*P* \< .01). After the suppression of SOST, the expression of β‐catenin was significantly increased in the Ti + L‐siRNA and Ti + H‐siRNA groups in comparison with the Ti group (*P* \< .05). Scale bar indicates 50 μm and 25 μm separately. \**P* \< .05; \*\**P* \< .01](JCMM-24-4233-g005){#jcmm15084-fig-0005}

3.5. Ti particles increased SOST expression and decreased β‐catenin expression, and reduction of SOST improved β‐catenin expression in vitro {#jcmm15084-sec-0019}
--------------------------------------------------------------------------------------------------------------------------------------------

Since Ti particles induced osteolysis in the skull of mice with the increase of sclerostin in vivo, we further verified sclerostin expression of osteocytes in vitro. Forty‐eight hours after treating cells with 1 mg/mL of Ti particles, we observed a clear increase in sclerostin protein levels compared with the control (*P* \< .05). Inversely, Ti particles decreased the protein of expression of active β‐catenin in osteocyte nucleus (*P* \< .05). Through immunofluorescent staining, we found that β‐catenin in cell nucleus decreased in Ti group compared with the control (*P* \< .05). We designed three interference sequences of SOST‐shRNA and verified them. The second and third shRNA sequences significantly reduced the expression of SOST, and we chose the most effective sequence, the second shRNA, for experiments of SOST silence. After SOST silencing, active β‐catenin protein levels increased and more β‐catenin were localized in cell nucleus, even though cells had been treated with Ti particles (*P* \< .05; Figure [6](#jcmm15084-fig-0006){ref-type="fig"}). The change of sclerostin and β‐catenin expression in vitro were consistent with that found in the mice osteolysis model, suggesting that SOST might be involved in osteolysis induced by wear debris through the Wnt/β‐catenin signalling pathway.

![A, Cells were infected with lentiviral particles carrying either scrambled or SOST‐specific shRNA. The efficiency of shRNA was evaluated by measuring SOST protein expression using Western blotting. The second sequence of shRNA was chosen for experiments of SOST silence. B, Western blot of protein levels and data analysis of sclerostin and active β‐catenin after titanium interference. The in vitro osteocyte osteoblast co‐culture model was also divided into three groups: control, Ti group and Ti + SOST‐shRNA group. Ti particles at 48 h significantly increased SOST expression compared with the control (*P* \< .05). Inversely, Ti particles decreased the expression level of active β‐catenin in nucleus (*P* \< .05). After SOST silencing, the decrease of sclerostin expression in osteocytes leads to an increase in active β‐catenin expression levels, even though cells had been treated with Ti particles (*P* \< .01). \**P* \< .05, \*\**P* \< .01. C, The distribution location of β‐catenin in osteocytes by immunofluorescence analysis. Blue, DAPI nuclear staining; Red, β‐catenin staining. Through immunofluorescence staining, the results showed that β‐catenin accumulated not only in the cytoplasm but also in nucleus of osteocytes. But β‐catenin localized in osteocytic nucleus decreased in Ti group compared with the control. After SOST silencing, more β‐catenin accumulated and translocated to the nucleus, even though cells had been treated with Ti particles](JCMM-24-4233-g006){#jcmm15084-fig-0006}

3.6. Osteocyte change induced by Ti particles impaired the osteoblastic capacity and silencing SOST promoted osteoblast differentiation {#jcmm15084-sec-0020}
---------------------------------------------------------------------------------------------------------------------------------------

To determine the relationship of SOST and bone formation during osteolysis induced by Ti particles, we used an in vitro cell co‐culture model in which wear particles were only in contact with osteocytes but not with osteoblasts. Alterations in osteoblasts triggered by osteocyte titanium‐induced changes were recorded. As Figure [7](#jcmm15084-fig-0007){ref-type="fig"}A showed that ALP activity of MC3T3‐E1 osteoblast cells significantly decreased in the Ti group compared to the control group (*P* \< .05). However, after SOST silencing, ALP activity of MC3T3‐E1 cells increased significantly in comparison with the Ti group (*P* \< .05). Similarly, the number of mineralized nodules observed in MC3T3‐E1 cells decreased significantly in the cell co‐culture group that was treated with Ti particles. Calcium level in the group treated with Ti particles was lower significantly than the control (*P* \< .05). The number of mineralized nodules and calcium levels increased significantly in SOST‐shRNA group in comparison with the Ti group (*P* \< .05) (Figure [7](#jcmm15084-fig-0007){ref-type="fig"}B). These results indicated that titanium particles might induce osteocyte change, indirectly impairing the osteogenic capacity of osteoblasts, while silencing SOST in osteocytes can promote osteogenic differentiation.

![A, Alkaline phosphatase (ALP) staining results and data analysis of ALP activity on day 7 of the culture. The in vitro osteocyte‐osteoblast co‐culture model was also divided into three groups: control, Ti group, and Ti+SOST‐shRNA group. The number of ALP positive cells decreased and ALP activity of MC3T3‐E1 cells significantly decreased in the Ti group compared to the control group (*P* \< .05). After SOST silencing, even though osteocytes had been treated with Ti particles, ALP positive cells increased and ALP activity of MC3T3‐E1 cells increased significantly in comparison with the Ti group (*P* \< .05). B, Results and data analysis of mineralized nodules and calcium levels on day 21 of the culture. The number of mineralized nodules observed in MC3T3‐E1 cells decreased significantly in the cell co‐culture group treated with Ti particles. Calcium level in the cell co‐culture groups treated with Ti particles was lower significantly than the control (*P* \< .05). After SOST silencing, even though osteocytes had been treated with Ti particles, the number of mineralized nodules increased and calcium level was higher significantly in comparison with the Ti group (*P* \< .05). \**P* \< .05](JCMM-24-4233-g007){#jcmm15084-fig-0007}

4. DISCUSSION {#jcmm15084-sec-0021}
=============

Our results have shown that Ti wear particles induced osteolysis in mice skulls leading to an increase in sclerostin levels and that adding Ti particles to osteocytes in vitro also enhanced sclerostin levels. SOST reduction increased osteoblastic marker expression and promoted bone formation to compensate for particle‐irritated bone loss. Our evidence suggests that osteocytes and the characteristic marker, SOST, may play an important role in periprosthetic osteolysis.

Periprosthetic osteolysis, in which wear debris induces a biological reaction in histiocytes, is the most important factor in aseptic loosening. The abrasive particles generated by the friction of artificial joint parts activate inflammatory cells surrounding the prosthesis, such as macrophages, monocytes and fibroblasts. These inflammatory cells release various inflammatory substances, such as tumour necrosis factor‐α, interleukin 6, matrix metalloprotein‐2 and further activate osteoclasts that lead to the increase of bone resorption. On the other hand, inflammatory substances also inhibit osteoblast functions, which leads to a reduction in bone formation.[25](#jcmm15084-bib-0025){ref-type="ref"}, [26](#jcmm15084-bib-0026){ref-type="ref"} In other words, osteolysis is bone destruction which the abrasive particles initiated inflammatory reaction and results in the bone remodelling. The dynamic balance between bone formation and resorption is the basis for maintaining bone homeostasis. Theoretically, the inhibition of bone resorption and/or the increase in bone formation can alleviate or compensate osteolysis induced by wear particles.

Knowledge regarding the importance of osteocytes in the regulation of osteoblasts and osteoclasts has provided a new view on the mechanisms of periprosthetic osteolysis. Studies have reported that adding wear debris to osteocytes increased levels of inflammatory cytokines, leading to osteocyte apoptosis and osteoclast formation.[12](#jcmm15084-bib-0012){ref-type="ref"}, [13](#jcmm15084-bib-0013){ref-type="ref"}, [14](#jcmm15084-bib-0014){ref-type="ref"}, [27](#jcmm15084-bib-0027){ref-type="ref"} However, the regulation of injured osteocytes on osteoblasts during osteolysis as a result of wear debris remains largely unknown.

Meanwhile evidences have indicated that SOST/sclerostin, which are produced exclusively by osteocytes, play a key role in controlling bone formation and resorption.[28](#jcmm15084-bib-0028){ref-type="ref"}, [29](#jcmm15084-bib-0029){ref-type="ref"}, [30](#jcmm15084-bib-0030){ref-type="ref"} For instance, sclerostin inhibited bone formation as it prevented osteoblasts differentiation.[31](#jcmm15084-bib-0031){ref-type="ref"}, [32](#jcmm15084-bib-0032){ref-type="ref"}, [33](#jcmm15084-bib-0033){ref-type="ref"} Treatment with sclerostin antibody improved implant fixation by increasing bone‐implant contact and trabecular bone volume and architecture.[19](#jcmm15084-bib-0019){ref-type="ref"} Additionally, the sclerostin antibody stimulated bone formation and inhibited bone resorption in a rat model.[22](#jcmm15084-bib-0022){ref-type="ref"} Sclerostin antibodies increased cortical bone volume and improved bone strength in ovariectomized rat model.[34](#jcmm15084-bib-0034){ref-type="ref"} Therefore, our study aimed to confirm whether SOST/sclerostin was involved in periprosthetic osteolysis. As expected, we observed extensive lytic pores on the surface of the calvarial bone and an increase of sclerostin after Ti particles were injected. By contrast, histological analyses revealed that SOST reduction decreased the bone erosion and made the surface of the calvaria smoother. Similarly, a lower number of pores and a greater BMD and BV values further confirmed that the osteolytic action was compensated when the SOST gene was silenced, suggesting that SOST reduction exerts a protective effect on osteolysis induced by Ti particles.

Osteogenic bone formation is the most common event of bone remodelling. Suppression of bone formation plays an important role in developing prosthetic loosening, and promotion of bone formation is a promising target to control such osteolytic diseases. Consequently, we investigated the effects SOST reduction on bone formation. As illustrated by the histological results, suppression of SOST increased in MBD and the number of ALP‐ and osterix‐positive cells in vivo. It has been widely recognized that ALP and osterix are the characteristic markers of osteoblast differentiation [35](#jcmm15084-bib-0035){ref-type="ref"}, [36](#jcmm15084-bib-0036){ref-type="ref"}, [37](#jcmm15084-bib-0037){ref-type="ref"}, [38](#jcmm15084-bib-0038){ref-type="ref"}; thus, these findings indicate that osteoblast is the target of SOST and that SOST reduction therapy enhances bone regeneration in osteolytic calvaria irritated by Ti particles.

As a characteristic marker of osteocyte, SOST/sclerostin was confirmed to be involved in periprosthetic osteolysis. This suggests that osteocytes play an important role in osteolysis induced by Ti particles. To further verify the results in the mice skull model, we investigated the interaction between Ti particles and MLO‐Y4 osteocytes in vitro. Sclerostin expression increased with the addition of Ti particles, consistent with the changes of sclerostin levels observed in vivo. Furthermore, we co‐cultured MC3T3‐E1 osteoblasts with osteocytes such that osteocytes and osteoblasts were seeded on two sides of the same porous membrane, allowing cells to have direct contact through pores that simulate information exchange between osteocyte and osteoblast via dendritic processes. However, MC3T3‐E1 osteoblasts were not allowed to contact with the Ti particles, thus avoiding the direct effects of Ti particles on osteoblast. Our co‐culture results showed that ALP activity and mineralization of MC3T3‐E1 were suppressed when MLO‐Y4 cells were treated with Ti particles in the co‐culture model. Nonetheless, after SOST was silenced, ALP activity and mineralization of MC3T3‐E1 cells increased, even when cells were treated with Ti particles. This could indicate that Ti particles lead to osteocyte injury with an increase in expression of SOST/sclerostin, causing osteoblast dysfunction. Thus, this may explain how SOST reduction promotes bone formation, delaying bone loss in murine skull surfaces.

Wnt/β‐catenin signalling pathway is closely implicated in osteoblastic differentiation and mineralization.[39](#jcmm15084-bib-0039){ref-type="ref"}, [40](#jcmm15084-bib-0040){ref-type="ref"} When Wnt/β‐catenin signalling pathway is activated, β‐catenin is dephosphorylated and restore active. Active β‐catenin accumulates and translocates to the nucleus to activate target genes. SOST/sclerostin is strongly associated with bone formation via inhibition of canonical Wnt signalling. In our study, we observed that Ti particles increased significantly sclerostin expression while active β‐catenin expression decreased. Inversely, SOST reduction attenuated Ti particle‐induced suppression of bone formation with increasing β‐catenin levels, suggesting that the Wnt/β‐catenin signalling pathway is important in periprosthetic osteolysis. These results suggest that the SOST reduction activated the Wnt/β‐catenin signalling pathway, promoting bone formation and compensated for the bone loss induced by wear debris.

Previous studies have shown that sclerostin antibodies can be used to treat osteoporosis and skeletal abnormalities, increasing bone formation, bone mass and bone strength.[18](#jcmm15084-bib-0018){ref-type="ref"}, [19](#jcmm15084-bib-0019){ref-type="ref"}, [20](#jcmm15084-bib-0020){ref-type="ref"}, [21](#jcmm15084-bib-0021){ref-type="ref"}, [22](#jcmm15084-bib-0022){ref-type="ref"}, [41](#jcmm15084-bib-0041){ref-type="ref"}, [42](#jcmm15084-bib-0042){ref-type="ref"}, [43](#jcmm15084-bib-0043){ref-type="ref"} Additionally, sclerostin antibodies have been reported to promote fracture callus formation and increase the stability of internal fixation.[44](#jcmm15084-bib-0044){ref-type="ref"} However, studies addressing the role of sclerostin in osteolysis of prosthesis are still lacking. Our study demonstrated how osteolysis induced by Ti particles could be compensated by promoting bone formation through SOST silencing and its related mechanisms.

However, although our current findings suggest that SOST reduction has a positive effect on bone formation, there are still several shortcomings in our study. First, the murine skull osteolysis model is exactly not the same as joint replacement surgery. The model does not completely simulate joints (ie fluid pressure and mechanical load are different); thus, we were unable to perform biomechanical experiments, which need to be tested in order to improve biomechanical research. Finally, this experiment was mainly interested in the related effects of the SOST gene on osteocytes and osteoblasts, and mechanisms involving bone resorption and osteoclasts activity will be explored in future experiments.

5. CONCLUSION {#jcmm15084-sec-0022}
=============

In summary, we demonstrated that SOST gene reduction promoted bone formation and alleviated bone loss caused by Ti particles. These effects might be mediated by activating the Wnt/β‐catenin signalling pathway and enhancing osteogenic differentiation. Our results provided some information for the treatment of osteolysis surrounding prosthesis.
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